In our preceding study (Sharma et al., 2019; BioRxiv) we showed that in the gut lumen Plasmodium vivax follows a unique strategy of immuno-suppression by disabling gut flora proliferation. Here, we further demonstrate that post gut invasion, a shrewd molecular relationship with individual tissues such as midgut, hemocyte, salivary glands, and strategic changes in the genetic makeup of P. vivax favors its survival in the mosquito host. A transient suppression of 'metabolic machinery by early oocysts, and increased immunity' against late oocysts suggested a unique mechanism of gut homeostasis restoration and Plasmodium population regulation. Though a hyper immune response of hemocyte was a key to remove free circulating sporozoites, but a strong suppression of salivary metabolic activities, may favor successful survival of invaded sporozoites. Finally, genetic alteration of P. vivax ensures evasion of mosquito responses. Conclusively, our system-wide RNAseq analysis provides first genetic evidences of direct mosquito-Plasmodium interaction and establishes a functional correlation.
In our preceding study (see Sharma et al., 2019; BioRxiv) we demonstrate that in the gut lumen how Plasmodium vivax follows a unique strategy of immuno-suppression by disabling gut flora proliferation. Here we further decoded the post gut invasive molecular complexity of tissue specific-parasite interactions. A comprehensive RNA-Seq analysis of P. vivax infected midgut, hemocyte and salivary glands not only identified mosquito transcripts, but also captured a large pool of P. vivax transcripts expressing in respective tissues. A detailed annotation and transcriptional profiling revealed that P. vivax has ability to avoid immuno-physiological responses by altering its own genetic architecture. Manipulating tissue specific immunophysiology of the mosquitoes may render the Plasmodium development and hence the transmission.
MATERIALS AND METHODS
Mosquito Rearing, Tissue specific RNA-Seq library sequencing and analysis: As described in our preceding study, essentially we followed same artificial membrane feeding assay (AMFA) protocol to infect mosquitoes with P. vivax, RNA isolation and RNA-Seq library preparation and sequencing (Sharma et al., 2019; BioRxiv) . Briefly, post confirmation of P. vivax infection, ~20-25 mosquitoes were dissected at 3-6Days Post Infection (DPI) and 8-10 DPI for midgut, 9-12DPI for hemocytes and 12-14DPI for salivary glands in PBS and collected in trizol reagent. Total RNA was isolated from each dissected tissue sample, and respective double stranded cDNA library was prepared using well established protocol, described earlier (De et al., 2018; Dixit et al., 2011; Sharma et al., 2015) . The sequencing of whole transcriptomes was performed on Illumina NextSeq. Post filtration of adaptor sequences and low quality (QV < 20) reads, high quality clean reads were used to make assembly using Trinity software. From assembled contigs, CDS were predicted from longest reading frame using Transdecoder. Subsequently, the predicted CDS were annotated using BLASTX against NCBI NR database. For heat map and Venn diagram analysis online softwares (Lam et al., 2016) were used. Technical plan and complete workflow strategy is shown in Fig. 1 (Panel A) .
GO annotation, molecular cataloging and gene expression profiling:
A comprehensive GO annotation, molecular cataloging and functional prediction analysis was performed using BLAST2GO software (Conesa, Götz, García-gómez, Terol, & Talón, 2005) . For immune cataloging all predicted CDS were subjected for BLASTX analysis against An. gambiae, D. melanogaster, Ae. aegypti and Cu. pipiens Immunome database (http://cegg.unige.ch/Insecta/immunodb), as described earlier . Then transcripts having E-value <e -10 were shortlisted, catalogued and compared to select transcripts for expression profiling. For cataloging tissue specific P. vivax genes, from pre-analyzed whole transcripts database (NR/BLASTX), the best match Plasmodium transcripts were retrieved as FASTA file. A standard GO annotation was performed and P. vivax transcripts were analyzed for functional prediction. The gene expression analysis of the selected mosquito and/or P. vivax transcripts was monitored as described earlier (De et al., 2018; ; also see
Results

Working hypothesis development and RNAseq data generation:
Previous studies targeting individual tissues either midgut or salivary glands, have been valuable to understand the mosquito-parasite interactions. But still, there are several unresolved questions that how (i) each tissue viz. midgut, hemocytes and salivary glands together coordinate and manage the challenge of Plasmodium infection; and (ii) how Plasmodium avoid the tissue specific responses for its survival and transmission. To partly answer and resolve tissue specific molecular complexity, we developed a working hypothesis. We opined when blood meal itself significantly alters mosquitoes 'metabolic physiology, Plasmodium infection may cause an additional burden of immune activation. Thus, mosquitoes may need to follow a dual management strategy. Alternatively, for its survival parasites may also suppress/misguide the host tissues responses. (See Sharma et al., 2019; BioRxiv/Fig.1) .
To test and evaluate the hypothesis we designed a strategy to capture molecular snapshot of the three tissues directly interacting with Plasmodium vivax. After establishment of artificial membrane feeding protocol, we fed mosquitoes with clinically diagnosed P. vivax infected patient's blood sample (0.5-2% gametocytemia). In our regular experience, we noticed average infection intensity of 50-130 oocysts/midgut. But in a few experimental studies, we noticed a super infection of P. vivax, raising average infection intensity to 300-380 oocysts/midgut ( Fig.1 ; see Panel B). Thus, for our transcriptomic study we specifically targeted super infected mosquito group with a possibility of retrieving P. vivax transcripts.
From infected 20-25 individual mosquitoes, we dissected and pooled targeted midgut, hemocytes, and salivary glands tissues and performed a tissue specific comparative RNAseq analysis. As per technical design, we sequenced two midgut samples covering early (3-6 days) pre-mature to maturing oocysts; and late (8-10 days) fully matured/bursting oocysts; one hemocyte sample pooled from 9-12 days covering free circulatory sporozoites; and one sample of salivary glands 12-14 DPI ( Fig.1 ; see Panel A). For comparative study, we sequenced the naïve blood fed mosquitoes' tissues collected from the same aged mosquitoes. In case of midgut we sequenced only one sample 3-4 days post blood meal (also see Sharma et al., 2019; BioRxiv) . From the seven RNAseq libraries we generated and analyzed total of 28.5 million reads (ST1). Plasmodium vivax alters the molecular architecture of mosquito tissues: To understand that, how P. vivax infection influences the tissue specific molecular responses; we compared global change in the transcript abundance of 'uninfected' and 'infected' blood fed mosquito tissues. Our initial attempt of mapping of cleaned reads (filtered low quality, microbial and P. vivax origin) to the available draft reference genome was unsuccessful. Alternatively, we mapped all the high quality reads against denovo assembled reference map, as described earlier (De et al., 2018; Sharma et al., 2015; . Though, a read density map analysis revealed P. vivax infection causes a significant suppression in the salivary glands and midgut transcripts, but cause a greater shift in the read density of the infected hemocyte transcripts (Fig.2) . To further uncover the molecular and functional nature of the encoded proteins, we carried out a comprehensive GO annotation, cataloged and extensively profiled tissues specific shortlisted genes altered in response to P. vivax infection.
Midgut response to Plasmodium oocysts development:
A comparative catalogue of biological process (L4) unraveled that an early maturing oocyst development coincides with the suppression of majority of midgut proteins(ST1). Though oocyst development exceptionally induces the expression of proteins encoding cellular catabolic, organic substance catabolic and organic acid metabolic processes, but also restricts expression of proteins having regulatory functions ( Fig. 3a) . Interestingly, when compared to naïve midgut, late stage oocysts showed a re-enrichment of the gut proteins having common functions ( Fig.3a) .Venn diagram analysis of annotated transcripts showed that 877, 1036 and 1251 transcripts are uniquely restricted their expression to naïve, early and late oocysts infected mosquito guts, respectively (Fig.3b ). A heat map analysis of differentially expressed common transcripts showed a significant alteration in response to early oocysts infection ( Fig.3c ).Taken together, these observations suggested that fast developing oocyst of P. vivax may cause a biphasic modulation of gut metabolic machinery, allowing early suppression and late recovery for the maintenance of homeostasis.
To further clarify that how Plasmodium vivax infection alters gut immuno-physiological responses, we identified, catalogued and compared expression of selected transcripts in response to blood meal and P. vivax infection. A comparative gut-immunome analysis showed an increased percentage of immune-transcripts, except a few classes such as Autophagy, TAK, IAP, PGRP, IKKG ( Fig.3d ). Additionally, we also observed an exclusive enrichment of several classes of immune proteins such as CTL, Gambicin, GNBP, IMD, CTMLA and IML in response to early infection (ST2). As expected, blood meal causes a transient change in immune gene expression (S1), but we observed a multifold enrichment of Gambicin expression after 48 hours and late induction of other AMPs such as C1, C2 and D1 (see Fig.8 / Sharma et al., 2019; BioRxiv) . Together these data suggested a time dependent action of distinct AMPs against P. vivax is necessary to delimit the gut specific oocysts development. Furthermore, a rapid induction of transcripts encoding Folliculin, Trehalase and Sterol carrier, demonstrated their possible role to manage nutritional imbalance, during P. vivax development (Fig. 3e ). Hemocyte response to free circulatory sporozoites: Infected mosquito hemocytes showed a slight enrichment of transcripts (1408) encoding diverse nature proteins(ST1). The expression of 1128 transcripts linked to organelle organization and ribonucleoprotein complex biogenesis functions remains uniquely associated to infected hemocytes ( Fig. 4 a,b ). Interestingly, we observed at least 966 transcripts encoding proteins of cellular catabolic and organic acid metabolic processes, remained restricted to naïve blood fed mosquito hemocytes. Surprisingly, opposite to this in the gut, similar categories of proteins were exclusively induced in response of early oocysts infection (see Fig. 3, 4 ). FPKM (Fragments Per Kilo base of transcript per Million mapped reads) based heat map analysis further showed a unique modulation of common transcripts, having restricted expression either in the naïve or infected mosquito hemocytes (Fig.  4c ). Since mosquito hemocytes mount a highly specific cellular immune response, next we targeted to decode the molecular nature of immune interaction between mosquito hemocytes and free circulating sprorozoites (fcSPZ) of P. vivax. A comparative immunome(ST2) analysis indicated that fcSPZ causes a greater suppression of many immune family proteins, except the marked enrichment of GPX, TPX, Dipetricin, LYSC, PGRP and ML family proteins (Fig. 4d) . Interestingly, like midgut, infected mosquito hemocytes also showed an exclusive induction of similar classes of immune proteins such as CTL, Gambicin, Defensin, IAP and IMD. (Fig.4d) . A significant enrichment of REL than NOS coincided with early oocysts development in gut (Fig.4f ). We also observed an exclusive induction of physiologically active non-AMPs class of immune proteins such as ApoIII, hexamerin and FREP13 during 8 th day of P. vivax infection.
Salivary glands response to P. vivax infection:
To the contrast of midgut and hemocytes, P. vivax infection impaired the molecular architecture of the salivary glands by delimiting the expression of common salivary transcripts(ST1). Additionally, we also observed a restricted expression of primary metabolic process proteins in uninfected mosquito salivary glands (Fig.  5a) . A venn diagram analysis further indicated that only 1427 (28%) annotated salivary proteins shared a common function. Whereas, a large pool of 3069 (60%) transcripts are restricted to uninfected mosquito salivary glands and remaining 699 (12%) transcripts showed unique appearance to sporozoites invaded salivary glands (Fig. 5b) . A heat map data analysis further suggested that salivary sporozoites may keep a strong hold on the salivary metabolic machinery, possibly to favor its own survival. Next to test how salivary immune system influence sporozoites development and survival, we catalogued and compared relative percentage of immune transcripts (ST2). We noticed an exclusive appearance of four classes of immune family proteins such as FADD, Gambicin, GNBP and SCRC in the invaded salivary glands (Fig. 5d ). While expression of TAK1, CASP, HOP and STAT immune family proteins remains restricted to naïve mosquito salivary glands (Fig. 5d ). Transcriptional profiling of selected immune transcripts such as Gambicin, Cecropin, and SP-24 D showed a high induction in the salivary glands (Fig. 5e) . Surprisingly, several other salivary secretory proteins such as Anopheline, D7 Family, Ion transporter family proteins, and 53.7kDa also showed a significant up-regulation suggesting their anti-plasmodium role against P. vivax infection.
Deep sequencing identifies tissue specific P. vivax transcripts:
The above analysis allowed us to hypothesize that when Plasmodium sp. switches from one stage to another, it may follow a unique strategy to regulate tissue-specific metabolic and immuno-physiological responses. However, clarifying the molecular nature of crosstalk between mosquito tissues and Plasmodium parasite remains a challenge. Surprising finding of a large pool of 4,449 transcripts of P. vivax origin, distinctly expressing in their respective tissues (Table- 2), encouraged us to establish a genetic relationship of mosquito-parasite interaction. In fact, we noticed that 73.8% of P. vivax transcripts are associated with midgut oocysts (Early and late), while 74 transcripts are originating from free circulatory sporozoites in the hemolymph and 1,133 transcripts from salivary invaded Sporozoites(ST3). 
Molecular changes of P. vivax facilitate its survival and transmission:
To establish a functional correlation, we annotated, catalogued and compared relative abundances of the P. vivax specific transcripts. Initially, putative transcripts encoding Plasmodium homolog proteins were filtered out from the pre analyzed RNAseq dataset. Each developmental stage of P. vivax revealed a large pool of hypothetical proteins especially in early oocysts and salivary sporozoites ( Table-2 ), suggesting a complex biology is yet to unravel. Further, a GO annotation revealed that each developmental stage carries an enriched transcript abundance of the genes linked to cellular as well as metabolic processes (Fig.6a) . Surprisingly, free circulatory sporozoites not only showed a selective enrichment for the family proteins encoding 'Response to Stimulus' and 'Localization', but also unraveled an exclusive appearance of signaling and detoxification linked genes in the hemocytes.
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Since, rupturing of late oocysts release millions of fcSPZ which are highly vulnerable to hemocyte cellular immune response, we hypothesize that Plasmodium must have unique strategy to defend its survival. An in-depth functional annotation analysis (BP-Level 4), clearly demonstrated that despite of having low number of transcripts, late oocysts and fcSPZ encoded more diverse nature of proteins than early oocysts and salivary sporozoites (Fig. 6b) . A Venn diagram analysis further unravel that the molecular nature of Plasmodium encoded proteins significantly altered when it switches from one stage to another, especially late oocysts (LO) to fcSPZ.
Remarkably, a cross tissue comparison showed a restricted expression of large number of proteins in each developmental stage of P. vivax (Fig. 7a-c) . Interestingly, a total of 2,200 transcripts showed restricted expression to early oocysts (EO), while 9 transcripts expression exclusively limited to late oocysts (LO) stage. Out of total 74 transcripts at least 6 showed restricted expression to fcSPZ stage and 162 transcripts expression exclusively remains to salivary invaded sporozoites (Fig. 7d ). Though the exact mechanism of this developmental transformation is yet unknown. But a FPKM based relative expression analysis and transcriptional profiling of selected common transcripts further suggested that P. vivax may evolve with a unique ability of genetic makeup changes, possibly to misguide the immunophysiological responses of mosquito tissues (Fig7e-f). Finally, we targeted to catalogue well annotated key genes which may have potential role in the parasite development and transmission. To do this we performed a comprehensive literature search and shortlisted transcripts with high FPKM, but restricted expression to a particular tissue (Fig. 8) . Though, an ongoing independent detail comparison of P. vivax transcript database with other parasites such as P. falciparum and P. berghei, yet to unravel genetic differences (unpublished), current findings provide a valuable resource of P. vivax transcripts, especially free circulatory sporozoites directly interacting with mosquito hemocytes for future functional characterization.
Discussion:
Evolution and adaptation to blood feeding is an essential requirement for mosquitoes' reproductive success (Attardo, Hansen, & Raikhel, 2005; Hansen, Attardo, Rodriguez, & Drake, 2014; Kokoza et al., 2001) . Plasmodium parasites take the benefit of mosquitoes' blood feeding behavior for the completion of sexual cycle and disease transmission (Thomas, 2012; Lacroix, Mukabana, Gouagna, & Koella, 2005; Schwartz & Koella, 2001) . Thus, to win the developmental race, we opined that Plasmodium must have ability to manipulate immunophysiological responses of directly interacting tissues such as midgut, hemocytes and salivary glands of mosquitoes (Cator et al., 2012) . It has been well established that during its development inside the susceptible mosquito hosts, the population dynamics of Plasmodium significantly altered (Vézilier, Nicot, Gandon, & Rivero, 2012) . But the nature of tissue specific molecular interactions, especially hemocyte-Plasmodium is not fully understood (Molina-Cruz et al., 2012) . To decode this molecular complexity of mosquito-parasite interaction, we carried out a system-wide RNAseq analysis of each three tissue together. An initial profiling of AMPs/non-AMPs showed transient influence in tested tissue, suggesting a general role in the maintenance of the physiological homoeostasis ( Fig. S4;) .
Surprisingly, when compared to uninfected counterpart, each tissue shows a unique relationship of metabolic alteration in response to P. vivax infection. Our data demonstrated that post gut invasion, mosquito has the ability to regulate and recover from the acute harms caused by fast developing early oocysts. Many naturally selected refractory Anopheline species are able to cease the development of parasite through melanization (Molina-Cruz et al., 2012; Simões, Mlambo, Tripathi, Dong, & Dimopoulos, 2017) . It is plausible to predict that even in the susceptible strain the controlled regulation of gut-parasite interplay is key for the survival of both mosquito and parasite (Dong, Manfredini, & Dimopoulos, 2009 ). Studies also suggest that a nutritional deprivation may have direct impact on the gut oocysts development and mosquitoes reproductive outcome, though mechanism is yet unknown (Liu, Dong, Huang, Rasgon, & Agre, 2013) . Our observation of an early induction of transcripts regulating gut specific nutritional homeostasis such as Folliculin, Trehalase, Sterol carrier suggested that maturing oocysts are able to quench host nutritional resources (Baba et al., 2006; Schekman, 2013; Shukla, Thorat, Nath, & Gaikwad, 2015) . However, delayed elevation of gut immune transcripts may counterbalance the negative impact of rapidly exiting sporozoites into the hemolymph. Thus, disrupting this relationship may favor the development of new tools to numb the parasites either by delimiting the nutritional demand, and/or enhancing the gut immunity (Shea-Donohue, Qin, & Smith, 2017) .
Once left the gut epithelium, millions of fcSPZ directly encounter and cleared by hemocytes, but the molecular mechanism has not been fully established (Jullán F Hillyer, Schmidt, & Christensen, 2003; Jaramillo-Gutierrez et al., 2009) . Our data suggests a major shift in transcripts abundance, especially encoding structural and catabolic activity associated proteins, may favor homeostasis maintenance of infected hemocytes. Transcriptional profiling further demonstrated that a hyper immunity is essential for majority of sporozoite population clearance. Several previous studies suggested that both REL and NO are key to regulate tissue specific immune regulation, and very recently we demonstrated that though both REL and NO participate interorgan immune communication, but each tissue specifically maintains the inter-organ flow of signals (Clayton et al. 2014; Simões et al., 2017; Das De et al., 2018 ).
An indirect anti-Plasmodium response via hemocyte, REL immune signaling have also been suggested in the An. gambiae, P. berghei and P. falciparum model, but how hemocytes directly fights with fcSPZ is unknown (Julián F. Hillyer & Estévez-Lao, 2010) . Our observation of increased REL than NOS against early P. vivax oocysts, further supported an idea that a preimmune activation of hemocyte may exist (De et al., 2018; Kwon & Smith, 2018) . But, surprisingly, still it remains unclear that how a fraction of fcSPZ succeed to avoid hyper immune response of hemocytes and invade salivary glands.
Our data on salivary-parasite interaction indicated Plasmodium sporozoites not only impair the metabolic machinery, but also enriches nucleic acid binding transcriptional activities. For a successful blood meal acquisition, salivary glands releases a cocktail containing nucleic acid binding factors such as Apyrase (King, Vernicks, & Hillyer, 2011) , D7 family proteins (Calvo, Mans, Andersen, & Ribeiro, 2006) and nucleotide transferase (Dhar & Kumar, 2003; Vogt et al., 2018) . Thus it is plausible to hypothesize that Plasmodium infection may enhance host seeking behavioral activities by stimulating the expression of nucleic acid binding factors (Chen, Mathur, & James, 2008) . Additionally, an increased expression of salivary immune transcripts indicated that an active local immune response is essential to restrict salivary invaded sporozoite (IS) population.
As a proof of concept, our data suggested that even after mounting an effective tissue specific immuno-physiological response, mosquitoes fail to disrupt Plasmodium sporogonic cycle. Hence, we hypothesize that Plasmodium parasites are clever enough to dodge the mosquito's immune system by wise manipulation of its own molecular architecture. Retrieval of large pool of P. vivax transcripts originating from distinct developmental stages provided us an opportunity to anticipate the molecular dynamics facilitating its survival. An initial observation of more than 50% transcripts encoding hypothetical proteins indicated that a deep understanding of P. vivax sporogonic cycle in still obscure. We also observed a significant difference in the molecular repertoire of stage specific P. vivax genes further strengthen our hypothesis that Plasmodium parasite has unique ability to misguide the track and trap system of mosquitoes.
Conclusion:
For its successful survival and transmission, every stage of development inside the mosquito host, Plasmodium negotiates multiple tissues. Independent studies, targeting individual tissues have been valuable, but conceptually we have unresolved major questions that how mosquito's tissue specific actions manage the challenge of Plasmodium infection and/or how Plasmodium manages to avoid the tissue specific responses. For the first time we demonstrate and establish that P. vivax follows a smart strategy of genetic makeup change to misguide and evade, even a highly sophisticated immune barrier of each tissue. We hypothesize that an unharmed tissue specific molecular wave of negotiations and actions by genetic changes benefits P. vivax successful development and transmission in the mosquito host (Fig 9) . Further establishing a functional correlation may lead to identification of mosquito as well as P. vivax specific crucial genetic factors for target selection and designing new molecular strategy for malaria control.
Figure9
: Proposed future working hypothesis to understand tissue specific molecular interactions during complete development of P. vivax in the mosquito host: As the Plasmodium parasites enter the midgut (MG) through infected blood meal, it undergoes fertilization and form zygotes, which further transform into ookinetes. These ookinetes then invade the midgut epithelium and reside within the basal lamina, where they form oocysts (OCT) and get matured. During this period midgut metabolic machinery remains suppressed to fulfill parasites' nutritional demand and as the parasite leaves the basal lamina in the form of free circulatory sporozoites (SPZ), MG starts regaining its homeostasis. After sporozoites get perfuse in mosquito hemolymph they have to interact directly with hemocytes (HC) which shows hyper cellular immune response to delimit parasite population. Survived sporozoites proceed to invade the salivary glands and accumulate there for further transmission to next host, and during this period salivary gland transcriptional response remain suppressed. Ability of Plasmodium vivax to alter developmental stage specific genetic changes may help to evade tissue specific mosquito response, favoring successful survival and transmission.
